Crystal structures have shown that the conserved TGES loop of the Ca 2؉ -ATPase is isolated in the Ca 2 E1 state but becomes inserted in the catalytic site in E2 states. Here, we have examined the kinetics of the partial reaction steps of the transport cycle and the binding of the phosphoryl analogs BeF, AlF, MgF, and vanadate in mutants with alterations to the TGES residues. The mutations encompassed variation of size, polarity, and charge of the side chains. Differential effects on the Ca 2 E1P 3 E2P, E2P 3 E2, and E2 3 Ca 2 E1 reactions and the binding of the phosphoryl analogs were observed. In the E183D mutant, the E2P 3 E2 dephosphorylation reaction proceeded at a rate as high as one-third that of the wild type, whereas it was very slow in the other Glu 183 mutants, including E183Q, thus demonstrating the need for a negatively charged carboxylate group to catalyze dephosphorylation. By contrast, the Ca 2 E1P 3 E2P transition was accomplished at a reasonable rate with glutamine in place of Glu 183 , but not with aspartate, indicating that the length of the Glu 183 side chain, in addition to its hydrogen bonding potential, is critical for Ca 2 E1P 3 E2P. This transition was also slowed in mutants with alteration to other TGES residues. The data provide functional evidence in support of the proposed role of Glu 183 in activating the water molecule involved in the E2P 3 E2 dephosphorylation and suggest a direct participation of the side chains of the TGES loop in the control and facilitation of the insertion of the loop in the catalytic site. The interactions of the TGES loop furthermore seem to facilitate its disengagement from the catalytic site during the E2 3 Ca 2 E1 transition.
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The Ca 2ϩ -ATPase of the sarcoplasmic reticulum is a 110-kDa membrane-embedded enzyme that mediates uphill transport of calcium ions from the cytoplasm to the lumen of the sarcoplasmic reticulum at the expense of ATP being hydrolyzed (1, 2) . This ATPase, which belongs to the family of P-type ATPases (3), couples ATP hydrolysis with Ca 2ϩ translocation by means of a reaction cycle (Scheme 1) in which phosphorylation and dephosphorylation of the enzyme at a conserved aspartic acid residue alternates with transitions between the phosphorylated or dephosphorylated E1 2 and E2 conformational states (4, 5) . The enzyme consists of 10 membrane spanning, mostly helical segments, of which M4, M5, M6, and M8 contribute liganding groups for Ca 2ϩ binding (6 -8) , and a large cytoplasmic head piece made up by three distinct domains, named domain P (contains the aspartic acid residue Asp 351 , which becomes phosphorylated during the reaction cycle), domain N (for nucleotide binding), and domain A (for actuator) (6) . Crystal structures of the Ca 2ϩ -ATPase with various ligands supposed to stabilize either E1-or E2-like states of the enzyme have indicated that the highly conserved TGES motif of domain A is isolated in E1 and E1P, whereas a rotational movement of domain A brings the loop with the TGES motif into the catalytic site close to the Asp 351 of domain P in the E2 and E2P states (5, 9 -14) . Replacement of Glu 183 of the TGES motif with alanine was shown to severely inhibit the dephosphorylation of E2P (15) , and a similar effect was observed following proteolysis of the linker connecting domain A with the second transmembrane segment (16) , whereas the dephosphorylation of E2P proceeded at a high rate upon alanine substitution of the other TGES residues (17, 18) . The glutamate of the TGES motif is universally conserved among P-type ATPases, and the Ca 2ϩ -ATPase crystal structures along with the functional data obtained with the E183A mutant form the basis for the hypothesis that Glu 183 binds and activates the water molecule attacking the phosphoryl group during dephosphorylation of E2P. The rotational movement of domain A that brings the loop with the TGES motif into the catalytic site may also be a key event in opening the Ca 2ϩ sites toward the lumen, thus explaining the coupling of ATP hydrolysis to Ca 2ϩ translocation. The movement of domain A may possibly be induced thermally (5), thus being basically relatively random, in agreement with the Ca 2 E1P 3 E2P transition constituting the slowest, rate-limiting (and strongly temperature-dependent) step of the cycle (19) . Even with such a random momentum, the pump would nevertheless work precisely, as long as dephosphorylation only proceeds when Glu 183 is correctly inserted in the catalytic site. It seems important to understand whether there are factors * This work was supported in part by grants from the Danish Medical such as side chain interactions that control and facilitate the correct movement of domain A and the TGES loop during its docking into domain P. The present mutagenesis study was undertaken to further investigate the roles of Glu 183 as well as the other highly conserved residues of the TGES motif. Moreover, the models developed from the crystal structures (obtained in the presence of the tightly binding inhibitor thapsigargin) need verification by functional studies of native enzyme. We have inquired about the consequences of variation of size, polarity, and charge of the TGES side chains for the overall and partial reactions of the Ca 2ϩ -ATPase studied by steady state and transient kinetic measurements. A newly introduced method (20) was used to examine the effects of the mutations on the binding affinities for the metal fluoride phosphoryl analogs beryllium fluoride, aluminum fluoride, and magnesium fluoride, supposed to mimic the phosphoryl group in the ground state, the transition state, and the E2⅐P i product state, respectively, of E2P hydrolysis.
EXPERIMENTAL PROCEDURES
Mutagenesis, Expression, and Assays of the Overall ReactionSite-directed mutagenesis of cDNA encoding the rabbit fast twitch muscle Ca 2ϩ -ATPase (SERCA1a isoform) inserted into the pMT2 vector (21) was carried out using the QuikChange site-directed mutagenesis kit, and the mutant cDNA was sequenced throughout. To express wild type or mutant cDNA, COS-1 cells (22) were transfected using the calcium phosphate precipitation method (23) . Microsomal vesicles containing either expressed wild type or mutant Ca 2ϩ -ATPase were isolated by differential centrifugation (24) . The concentration of expressed Ca 2ϩ -ATPase was determined by an enzyme-linked immunosorbent assay (25) or by measuring the maximum amount of phosphoenzyme accumulated in the presence of 5 M [␥-32 P]ATP and 100 M Ca 2ϩ at 0°C. The Bradford method (26) was used for determination of the total protein concentration. For determination of ATPase activity, the amount of P i liberated was measured (27) in the presence of the calcium ionophore A23187, preventing back inhibition by calcium accumulated inside the vesicles (28 (25, 28, 29) . Transient state kinetics at 25°C was analyzed using the Bio-Logic quench-flow module QFM-5 (BioLogic Science Instruments, Claix, France) with mixing protocols as described (19) . Details are given in the figure legends. All of the phosphorylation and dephosphorylation reactions were quenched by the addition of 0.5-2 volumes of 25% (w/v) trichloroacetic acid containing 100 mM H 3 PO 4 . The acid-precipitated enzyme was washed by centrifugation before SDS-polyacrylamide gel electrophoresis in 7% gels at pH 6.0 (30, 31) . The 32 P-labeled radioactive band corresponding to the Ca 2ϩ -ATPase was quantified using the Packard Cyclone TM storage phosphor system. Background phosphorylation levels were determined in parallel experiments and subtracted from all of the data points. In measurements of the phosphorylation from ATP, the background phosphorylation level was determined in the absence of Ca 2ϩ (presence of EGTA), and in measurements of the phosphorylation from P i , the background phosphorylation level was determined in the presence of Ca 2ϩ .
Assays for Binding of Metal Fluorides and Vanadate-The
binding of the metal fluoride phosphoryl analogs beryllium fluoride, aluminum fluoride, and magnesium fluoride, as well as the binding of vanadate, were determined using the method previously described and validated (20, 32) . For metal fluoride binding, the enzyme was incubated at 25°C with varying concentrations of AlCl 3 , BeSO 4 , or MgCl 2 with a fixed NaF concentration and without Ca 2ϩ , to stabilize the E2 form of the enzyme. In the assays with aluminum and beryllium, the concentration of Mg 2ϩ was kept low (200 M) to avoid formation of MgF. Following incubation with the inhibitor for 30 min at 25°C and subsequent cooling for 10 min at 0°C, Ca 2ϩ was added, and the amount of inhibitor-free, thus phosphorylatable, enzyme was determined by reaction for 10 s at 0°C with 5 M [␥-32 P]ATP. A similar procedure was followed for vanadate in the presence of Mg 2ϩ (32) . Data Analysis-Experiments were generally conducted at least twice, and the complete set of data were analyzed by nonlinear regression using the SigmaPlot program (SPSS, Inc.). Monoexponential functions were fitted to the phosphorylation and dephosphorylation time courses. Analysis of the ligand concentration dependences was based on the Hill equation (20) . Fig. S2 ). To study the preceding Ca 2ϩ binding transition (E2 3 Ca 2 E1; Scheme 1), we used a method that takes advantage of the fact that phosphorylation from ATP requires the enzyme to be in the Ca 2 E1 form (19) . Ca 2ϩ -deprived enzyme (predominantly E2 together with some E1 in equilibrium with E2) was incubated with Ca 2ϩ for various time intervals (t in the mixing protocol shown in Fig. 1) , and the amount of phosphorylatable Ca 2 E1 accumulated during the Ca 2ϩ incubation step was determined for each time interval by a further 34-ms incubation with [␥-32 P]ATP followed by acid quenching. A monoexponential function with an initial offset was fitted to the data as shown in Fig. 1 . The rate constants determined in this way reflect the E2 3 Ca 2 E1 transition (19) and are listed in . Phosphoenzyme decay in the forward direction of the pump cycle was examined by the addition of excess EGTA to terminate phosphorylation by removing Ca 2ϩ , followed by acid quenching at varying time intervals (Fig. 2 , filled circles). All of the mutants showed a dephosphorylation rate that was considerably reduced relative to wild type (to less than 10% in most cases). The phosphoenzyme is composed of the ADP-sensitive Ca 2 E1P form and ADP-insensitive E2P (Scheme 1). The addition of ADP to remove Ca 2 E1P before quenching allowed quantification of the amount of ADP-insensitive E2P (Fig. 2 , open circles), demonstrating that E2P accumulated in E183A, E183Q, E183S, E183H, and T181GE 3 E181GT. Hence, it could be concluded that in these mutants the rate of E2P 3 E2 is considerably slower than the rate of Ca 2 E1P 3 E2P. The rate of Ca 2 E1P 3 E2P was calculated by subtracting the data points corresponding to the ADP-insensitive E2P phosphoenzyme (see supplemental Fig. S3 ), and the results are listed in Table 1 . It is seen that in the T181 and G182 mutants, E183L, E183D, E183R, S184D, and S184R the Ca 2 E1P 3 E2P transition was 10 -100-fold slower than that of wild type (slowest for T181R and the G182 mutants), whereas in mutants E183A, E183S, E183H, T181GE 3 E181GT, and S184A, it was 4 -8-fold reduced. In E183Q, it was only 3-fold reduced.
RESULTS

Expression
Characteristics of the E2P Phosphoenzyme Formed from P iThe phosphorylation of E2 from 32 P i was examined under conditions (pH 6.0, 30% v/v dimethyl sulfoxide, no K ϩ present, and as much as 10 min of incubation with 32 P i ) that are highly promotive for accumulation of E2P phosphoenzyme formed from P i in the wild type (33) . The G182 mutants, E183L, and S184R were unable to phosphorylate from 32 P i under these conditions, and only low levels of phosphorylation were observed for Fig. S2 . e Based on the data in Fig. 1 . f Based on the data in supplemental Fig. S3 . g Based on the data in Fig. 3 . h ND, not determined because of low level of phosphorylation with 32 P i .
T181D, T181R, and E183R. For mutants T181A, E183A, E183Q, E183D, E183S, E183H, S184A, S184D, and T181GE 3 E181GT, on the other hand, the phosphorylation level obtained with 32 P i was sufficiently high to allow a more detailed characterization of the E2P phosphoenzyme. Dephosphorylation of E2P formed by phosphorylation with 32 P i was followed upon dilution of the phosphorylated enzyme in a chase solution containing nonradioactive P i under conditions otherwise similar to those applied for the dephosphorylation of phosphoenzyme formed with [␥-32 P]ATP (Fig. 2) . As seen in Fig. 3 and Table 1 , mutants T181A, S184A, and S184D showed a faster rate of dephosphorylation of E2P than wild type. Mutants E183A, E183Q, E183S, and E183H, on the other hand, revealed a more than 40-fold slower dephosphorylation of E2P, relative to wild type, and T181GE 3 E181GT showed a 15-fold slowing, in agreement with our deductions from the studies of the phosphoenzyme formed from ATP (see above). E183D showed a much higher dephosphorylation rate than the other Glu 183 mutants: one-third that of the wild type. The 32 P i concentration dependence of phosphorylation from 32 P i at equilibrium showed a reduced apparent affinity for P i in T181A, S184A, and S184D (Table 2) , likely caused by the increased dephosphorylation rate described above. However, in E183A, E183Q, E183D, E183S, E183H, and T181GE 3 E181GT, the apparent affinity for P i was likewise reduced 2-4-fold ( 
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2Ϫ , and BeF 3 Ϫ , respectively, which for the aluminum fluoride and magnesium fluoride complexes was confirmed by the crystal structures of the E2 form of Ca 2ϩ -ATPase with these fluorides (5, 14) . In contrast to the planar tetragonal AlF 4 Ϫ complex, which seems to mimic the transition state of E2P hydrolysis, MgF 4 2Ϫ is in a tetrahedral arrangement in the crystal structure, implying that it corresponds to the E2⅐P i product state of E2P hydrolysis. The E2⅐BeF complex (of which no crystal structure has yet been published) shares several features with the E2P ground state, which would fit with BeF 3 Ϫ adopting a tetrahedral geometry with the fourth coordination from the oxygen atom of Asp 351 (34) . For measuring the binding of the metal fluoride compounds and vanadate, we used a previously introduced method, which takes advantage of the stability of the complex of the Ca 2ϩ -ATPase with bound metal fluoride or vanadate and its inability to undergo phosphorylation from ATP (20, 32) . Subsequent to incubation with the metal fluoride or vanadate in the absence of Ca 2ϩ (to stabilize the E2 form), the remaining inhibitor-free enzyme fraction was determined by measuring the phosphorylation in the presence of [␥- 32 Table 2 showing the K 0.5 values for inhibition. With either metal fluoride, the S184A and S184D mutations had no or little effect on the K 0.5 for inhibition, whereas very significant effects were seen for S184R with either BeF or AlF. Likewise, T181R was the most disruptive of the Thr 181 mutations. For the Glu 183 mutants, the K 0.5 for inhibition with AlF increased according to the sequence E183Q Х E183D Ͻ E183S Ͻ E183L Х E183A Ͻ E183R Х E183H. Hence, removal of electron density of the side chain or charge reversal is disruptive. The Gly 182 mutants generally showed very large effects on metal fluoride binding, just as phosphorylation from P i was absent in these mutants. Hence, there is obviously a problem with accommodating a side chain at position 182 in the metal fluoride/phosphate bound E2 state. The mutational effects showed some differences among the three metal fluorides. Hence, for T181R and all of the Glu 183 mutants, the largest Table 1 .
effect was seen with AlF, the transition state analog. G182A and G182L were both very disruptive of AlF and MgF binding, but G182A showed markedly less reduction of the affinity for BeF than G182L, thus suggesting that Gly 182 is closer to the phosphate in the transition state and product state than in the E2P ground state.
Most of the mutations that had large effects on the affinity for metal fluorides affected vanadate binding even more (Fig. 5) . This is rather evident when looking at E183A, E183D, E183R, and E183H in Fig. 5 . Importantly, however, the effects of E183Q and E183L were much smaller than expected from this general trend, in fact smaller than seen for AlF (Table 2) .
DISCUSSION
Except for S184A, the various mutations to the TGES motif studied here were all very disruptive of the ATPase activity and Ca 2ϩ transport function. Two assays nevertheless demonstrated that the Ca 2 E1 state functions in a rather normal way in the mutants. First, the mutants showed apparent Ca 2ϩ affinities for Ca 2ϩ activation of phosphorylation from ATP similar to or slightly higher than wild type. The slightly increased apparent Ca 2ϩ affinity (reduced K 0.5 for Ca 2ϩ ) can be explained with reference to the reduced phosphoenzyme turnover rate (block of E2P 3 E2 or Ca 2 E1P 3 E2P; see below), because the phosphoenzyme accumulates in the presence of lower Ca 2ϩ concentrations when phosphoenzyme turnover is slow. Hence, the interaction with Ca 2ϩ in the Ca 2 E1 state appears to be wild type-like in the mutants. Moreover, the rate of phosphorylation with ATP was similar to or rather close to that of the wild type (the slowest being ϳ60% that of FIGURE 3. Dephosphorylation of E2P. Phosphorylation was carried out for 10 min at 25°C in 100 mM MES/Tris (pH 6.0), 10 mM MgCl 2 , 2 mM EGTA, 30% v/v dimethyl sulfoxide, and 0.5 mM 32 P i . Following a 19-fold dilution of the precooled sample into ice-cold buffer containing 40 mM MOPS/Tris (pH 7.0), 2 mM EGTA, 5 mM MgCl 2 , 0.5 mM nonradioactive P i , and 80 mM KCl, acid quenching was performed at the indicated time intervals. The mixing protocol is illustrated by the inserted diagram. A monoexponential decay function was fitted to the data (best fit shown as lines). The extracted dephosphorylation rate constants are listed in Table 1 . The function corresponding to wild type is shown in each panel as a dashed line. Fig. S4 . c Based on the data in Fig. 4 . d Based on the data in supplemental Fig. S5 . e Based on the data in Fig. 5 . f The change is the ratio between K 0.5 values for mutant and wild type. g ND, not determined because of low level of phosphorylation with 32 P i .
the wild type). Because a subsaturating ATP concentration was used, both the rate constant for transfer of the ␥-phosphate of ATP to Asp 351 at the catalytic site and also the affinity of the catalytic site for ATP appear normal or close to normal. By contrast, partial reactions involving the E2 and E2P states, i.e. the Ca 2 E1P 3 E2P, E2P 3 E2, and E2 3 Ca 2 E1 reactions, were severely affected in several mutants. Importantly, the pattern of effects on these partial reactions differed among the mutants. Hence, only the Glu 183 mutants showed slowing of E2P 3 E2. As will be discussed below, this seems to be due to the involvement of Glu 183 in catalysis. The Thr 181 and Ser 184 point mutants for which the E2P 3 E2 reaction could be studied showed a faster rate of this reaction than wild type. The Thr 181 and Gly 182 mutants, as well as E183L, E183D, E183R, S184D, and S184R, showed more than 10-fold reduction of the rate of Ca 2 E1P 3 E2P, whereas the other Glu 183 mutants and S184A showed less pronounced but significant effects on this transition. Moreover, the Thr 181 and Glu 183 mutants and S184R showed a significant slowing of the E2 3 Ca 2 E1 transition, whereas such an effect was not seen for the other Ser 184 mutants and the Gly 182 mutants.
The finding that mutations in the TGES motif affect partial reactions involving the E2 and E2P states but not the reactions associated with phosphorylation of the Ca 2 E1 state seems to provide functional evidence in support of the model that has evolved from the crystal structures (5, 14) , in which the TGES motif is isolated in the Ca 2 E1 state but becomes inserted in the catalytic site in E2 states. In the following, we will use the E2⅐AlF and E2⅐MgF crystal structures (E2⅐AlF shown in Fig. 6 ) to examine whether the structural features emerging here can help explain the functional effects of the mutations. Except for the coordination of the metal fluoride, which involves an interposed water molecule in the case of AlF and direct interaction with Glu 183 in the case of MgF, the E2⅐AlF and E2⅐MgF crystal structures are very similar in the region studied here. Both of these structures contain thapsigargin bound in the membrane region, and it is unknown to what extent this perturbs the cytoplasmic part of the molecule. It should furthermore be made clear that although the E2⅐AlF and E2⅐MgF crystal structures may be thought of as appropriate representatives of the structure of the native enzyme in the transition state of E2P hydrolysis and the E2⅐P i product state, respectively, we can only guess that the structure of genuine E2P bears a high degree of similarity to these structures (at least in the cytoplasmic domains, (5)), because no crystal structure of E2⅐BeF or equivalent, representing genuine E2P with luminally oriented Ca 2ϩ sites, is yet available. 183 Mutants-The E2P 3 E2 dephosphorylation rate was very low in mutants E183A, E183Q, E183S, and E183H, being more than 40-fold reduced relative to wild type. In T181GE 3 E181GT the dephosphorylation rate was significantly higher (15-fold reduced relative to wild type), and in E183D, it was as high as one-third that of the wild type (Fig. 3 and Table 1 ). Despite the reduced rate of E2P 3 E2, E183A, E183Q, E183D, E183S, E183H, and T181GE 3 E181GT showed 2-4-fold reduction of the apparent affinity for P i relative to wild type (Table 2) , thus indicating that the rate of the reverse reaction, E2 3 E2P, is also reduced in these mutants. Hence, the present data support the hypothesis that Glu 183 plays a catalytic role in E2 and E2P, and from the reduced apparent affinity for P i it may furthermore be deduced that Glu 183 is involved in the stabilization of E2P and/or E2⅐P i (the latter is the phosphate-bound form first formed on the way from E2 ϩ P i to E2P). The fact that E183D showed a much higher, more wild type-like rate of E2P 3 E2 than the other Glu 183 mutants, including E183Q, indicates that the requirement for the catalysis to occur efficiently is a negatively charged carboxylate group, consistent with the proposed role of the glutamate in positioning as well as activating the water molecule involved. In E183Q, the glutamine side chain may well be able to bind the water molecule (see below), but because of the lack of negative charge it is unable to extract the proton as required for the nucleophilic attack during dephosphorylation. There seems, on the other hand, to be some latitude with respect to the exact position of the negatively charged carboxylate group. The result obtained with E183D indicates that the water molecule is able to attack rather efficiently from the position it obtains when the length of the Glu 183 side chain is shortened by one carbon atom, and even the swap of Glu 183 with Thr 181 in mutant T181GE 3 E181GT allowed dephosphorylation of E2P at a higher rate than seen without any negatively charged side chain.
Dephosphorylation of E2P in the Glu
The results obtained with the phosphoryl analogs BeF, AlF, and MgF, which are believed to represent the phosphoryl in the ground state (i.e. E2P), transition state, and product state (i.e. E2⅐P i ), respectively (34) , indicate that Glu 183 is important for the interaction with all three analogs. The conspicuous effects on the apparent affinity for AlF seen for most of the Glu 183 mutants, with E183H and E183R being particularly disruptive, may be explained by the proposed involvement of Glu 183 in stabilization of the transition state in dephosphorylation of E2P through interaction with the attacking water molecule. The effects of the Glu 183 mutations on the affinities for BeF and MgF, although smaller than seen for AlF, indicate, in line with the reduced apparent affinity for P i discussed above, that Glu 183 is involved in the stabilization of the ground and product states, as well, probably through direct interaction with the phosphoryl group itself, which would be consistent with the crystal structure of the E2⅐MgF form, where the side chain carboxylate group of Glu 183 seems to be hydrogen-bonded to a fluorine atom of MgF 4 2Ϫ (5). E183D showed only small effects on metal fluoride binding, which for the transition state analog AlF seems to be in accordance with the finding that the rate of E2P 3 E2 is closer to wild type in this mutant as compared with the other Glu 183 mutants. However, the similar small effect of the E183Q mutation is surprising in light of the conspicuous slowing of E2P 3 E2 induced by the E183Q mutation (in fact the largest effect on this reaction seen for any Glu 183 mutation; Table 1 ). It is possible that mutant E183Q, because of retention of the hydrogen bonding potential of the side chain, is able to bind the water molecule/metal fluoride; but because the negative charge of the side chain is lacking, E183Q is unable to extract the water proton, thereby being catalytically incompetent.
Vanadate (VO 4 3Ϫ ) is thought to adopt a trigonal bipyramidal structure with the fifth oxygen coming from the aspartic acid side chain (Asp 351 ) being phosphorylated during the normal catalytic cycle. Thus, the mutational effects on vanadate binding might have been expected to be similar to those seen for the transition state analog AlF, but in line with the previously published data for Asn 706 mutants (20) , the effects observed with the mutants studied here were generally more pronounced for vanadate as compared with the metal fluorides, a possible explanation being the strong electronegativity of the fluorine atoms, which likely promotes binding. The most surprising finding here is the relatively small effects on vanadate affinity displayed by both E183Q and E183L, in fact smaller than seen for AlF. The explanation could be that both glutamine and leucine have side chains of a size similar to glutamate, thus possibly allowing hydrogen bond formation/van der Waals interaction with the apical oxygen of the bound vanadate.
The Ca 2 E1P 3 E2P Transition-The results in Fig. 2 and supplemental Fig. S3 , summarized in Table 1 , reveal that the Ca 2 E1P 3 E2P transition is very slow in the T181 and G182 mutants, as well as in E183L, E183D, E183R, S184D, S184R, and the double mutant T181GE 3 E181GT. In T181R and G182L, the Ca 2 E1P 3 E2P transition was completely blocked, and it is interesting to note that these are also the two mutants showing the strongest reduction of affinity for BeF (Table 2) , which is thought to mimic the phosphoryl group in E2P. The low phosphorylation level with P i in some of the mutants with reduced rate of Ca 2 E1P 3 E2P and the enhanced rate of E2P 3 E2 dephosphorylation in the others (Fig. 3 and Table 1 ) points to a destabilization of E2P in these mutants, thus indicating that the formation of E2P is impeded both in the forward direction of the cycle, from Ca 2 E1P, as well as in the backward direction from E2.
The effects of the G182A and G182L substitutions are most likely the result of a steric clash with the phosphate in the E2P state. Thus, the distance between Gly 182 and the phosphoryl analogs in the E2⅐AlF and E2⅐MgF crystal structures is ϳ3 Å (Fig. 6) . Although G182A and G182L were both very disruptive of AlF and MgF binding, only G182L seemed to fully disrupt BeF binding, indicating that Gly 182 might be even closer to the phosphate in the transition and product states than in the E2P ground state.
The effects of the Glu 183 mutations on the Ca 2 E1P 3 E2P transition clearly demonstrate that Glu 183 is not only required for the catalysis in E2/E2P, but Glu 183 furthermore plays an active role in the insertion of the TGES loop into the catalytic site during the Ca 2 E1P 3 E2P transition. The very low rate of Ca 2 E1P 3 E2P seen for E183D (13-fold reduced relative to wild type) is particularly notable in the light of the rather modest effect this mutation had on the catalytic properties of E2/E2P, as discussed above. The Ca 2 E1P 3 E2P transition could be accomplished at a reasonable rate with glutamine in place of E183, but not with aspartate, whereas the opposite is true for the E2P 3 E2 dephosphorylation. Hence, Glu 183 seems to play a dual role: the negative charge being critical for catalysis in E2/E2P, and the length of the side chain and its hydrogen bonding potential being critical for the Ca 2 E1P 3 E2P transition. The marked effect of the E183D mutation on Ca 2 E1P 3 E2P indicates that a very precise positioning of the carboxylate group is required for this transition. The crystal structure shown in Fig. 6 6) , as previously pointed out (20) . The interactions mediated by these residues might be essential for stabilizing the docking of domain A into the catalytic site. Even though the substitution of the Thr 181 and Gly 182 side chains does not per se disrupt the interactions involving the Thr 181 main chain carbonyl and the Gly 182 main chain amine, the alterations to the side chains might indirectly disturb also the main chain interactions, thus contributing to explain the slowing of the Ca 2 E1P 3 E2P transition in the Thr 181 and Gly 182 mutants. With respect to mutant T181A, it should furthermore be noted that the equivalent mutation in the Na ϩ ,K ϩ -ATPase has been shown to slow both the E1P 3 E2P transition and the dephosphorylation of E2P (36) . Although the former effect is similar to that observed here for the Ca 2ϩ -ATPase, the effect on the dephosphorylation of E2P is opposite to the Ca 2ϩ -ATPase. Apparently, there is a more stringent requirement in the Na ϩ ,K ϩ -ATPase for a precise positioning of the glutamate to obtain efficient catalysis in E2/E2P. This difference between these closely related enzymes may reflect differences in the regulation of the dephosphorylation of E2P, which in the Na ϩ ,K ϩ -ATPase is strongly dependent on the conformational change elicited when K ϩ binds at the transport sites of E2P. The crystal structures do not provide a clear-cut explanation of why the mutations of Ser 184 , particularly S184D and S184R, slowed the Ca 2 E1P 3 E2P transition. However, in Fig. 6 the side chain of Ser 184 is ϳ4 Å away from the side chain of Asn 359 , which is located in the hinge region between domains N and P. Because the structure of genuine E2P likely differs somewhat from the crystal structure shown in the figure, even in the cytoplasmic regions, it might be speculated that Ser 184 and Glu 183 along with mutation S184R resulted in a 2-6-fold reduced rate of the E2 3 Ca 2 E1 transition, whereas mutations G182A, G182L, S184A, and S184D showed little if any effect on the rate of this transition. As mentioned above, the Thr 181 side chain hydroxyl group likely forms a hydrogen bond with the backbone amide group of Glu 183 in E2 forms, which may be needed to position Glu 183 . The fact that all Thr 181 and Glu 183 mutants, but not the Gly 182 mutants, showed slowing of E2 3 Ca 2 E1 therefore suggests that it is the positioning of Glu 183 that is critical in this connection. During the E2 3 Ca 2 E1 transition, the TGES loop disengages from its docking site with domain P. Hence, it appears that disruption of the normal interactions of Glu 183 prevents this disengagement from occurring at a normal rate. In this connection it is interesting to note that recent studies have shown that proteolysis or mutation of the A-M2 linker connecting domain A with the second transmembrane segment exerts similar slowing effects on both the dephosphorylation of E2P and the E2 3 Ca 2 E1 transition as the Glu 183 mutations (16, 37) . This finding can be rationalized in terms of the need for the A-M2 linker to position domain A correctly for both the dephosphorylation of E2P and the disengagement of the TGES loop during the E2 3 Ca 2 E1 transition.
Concluding Comments-We conclude that although the movement of domain A that inserts TGES into the catalytic site may be induced thermally (5), it is not a random event but is controlled and facilitated by favorable contacts between side chains. The present results have shown that particularly the interaction of Glu 183 with domain P and that of Thr 181 with Glu 183 , as well as possibly interactions of main chain atoms of Thr 181 and Gly 182 with domain P, are important for the docking of TGES, and, furthermore, that these interactions also facilitate the subsequent disengagement of Glu 183 from the catalytic site. The relatively high E2P dephosphorylation rate and low rate of the Ca 2 E1P 3 E2P transition observed with mutant E183D were surprising. Taking into consideration that under physiological conditions some of the other partial reaction steps are more rate-limiting for the overall pumping reaction than the dephosphorylation of E2P, a dephosphorylation rate of one-third of that of the wild type, as observed for the E183D mutant, should allow a close to normal overall pumping rate. On the basis of these data alone, one might therefore have expected to find aspartate at the equivalent position in at least a few members of the P-type ATPase family, but the fact is that the glutamate in this position is universally conserved among P-type ATPases. The reason clearly appears from the importance of the length of the glutamate side chain for the Ca 2 E1P 3 E2P transition, which was found to be very slow with aspartate replacing the glutamate.
